Experimental evidence of ballistic transport in cylindrical gate-all-around twin silicon nanowire metal-oxidesemiconductor field-effect transistors Appl. Phys. Lett. 92, 052102 (2008) Using the Landauer approach for carrier transport, we analyze the impact of defects induced by ion irradiation on the transport properties of nanoscale conductors that operate in the quasi-ballistic regime. Degradation of conductance results from a reduction of carrier mean free path due to the introduction of defects in the conducting channel. We incorporate scattering mechanisms from radiation-induced defects into calculations of the transmission coefficient and present a technique for extracting modeling parameters from near-equilibrium transport measurements. These parameters are used to describe degradation in the transport properties of nanoscale devices using a formalism that is valid under quasi-ballistic operation. The analysis includes the effects of bandstructure and dimensionality on the impact of defect scattering and discusses transport properties of nanoscale devices from the diffusive to the ballistic limit. We compare calculations with recently published measurements of irradiated nanoscale devices such as single-walled carbon nanotubes, graphene, and deep-submicron Si metal-oxide-semiconductor field-effect transistors. V C 2015 AIP Publishing LLC.
INTRODUCTION
The scaling of metal-oxide-semiconductor field-effect transistors (MOSFETs) and the introduction of novel materials have allowed the fabrication of nanoscale transistors that operate near the ballistic limit. 1 In nanoscale devices, carrier scattering results from interactions with charged impurities, lattice defects, phonons, and with other charged carriers. 2 Scattering theory describes the steady state current in a nanoscale conductors using a transmission coefficient that captures the probability that some of the injected carriers will backscatter in the channel and not contribute to charge conduction. [3] [4] [5] [6] However, as the channel length (L) is reduced to a dimension comparable to the backscattering mean free path (k), carriers will transit the channel undergoing fewer scattering events. Mathematically this is described with the transmission coefficient approaching unity in the ballistic limit (i.e., when L ( k). However, most modern devices operate in a regime L $ k and the transport is said to be quasi-ballistic.
Recent techniques based on the Landauer theory have been demonstrated for modeling quasi-ballistic transport in nanoscale devices. [7] [8] [9] [10] These techniques express current in the presence of scattering using a transmission coefficient that is related to k that can be extracted from measurements of long-channel devices as described in Ref. 8 . Analyzing the effects of radiation-induced defects on the quasi-ballistic transport properties of nanoscale devices, based on these techniques, requires incorporating the relevant defect scattering mechanisms into calculations of current (or conductance).
In this paper, we analyze and model the impact of radiation-induced defects on the transport properties of nanoscale devices using the Landauer-B€ uttiker theory. This approach is valid from the diffusive to the ballistic limit and applied here to studying the impact of defect scattering on quasi-ballistic transport. Experimental studies have demonstrated the impact of radiation-induced lattice defects on the electrical characteristics of various nanoscale devices and materials through irradiation with energetic particles including electrons, protons, and heavy ions. These studies include thin silicon layers in SOI devices and deep-submicron bulk MOSFETs, [11] [12] [13] [14] [15] carbon-based materials and nanoscale devices such as graphene [16] [17] [18] and carbon nanotubes (CNTs), [19] [20] [21] [22] [23] and III-V compound semiconductors heterojunctions and high electron-mobility transistors (HEMTs). [24] [25] [26] Fig. 1 (a) illustrates radiation-induced defects scattering of electron in a 2D graphene sheet.
The analysis and modeling approach presented in this paper extends conventional techniques for describing radiation-induced transport degradation based on driftdiffusion theory that use effective carrier mobility [27] [28] [29] [30] to the ballistic limit by using scattering theory and transmission coefficients. We also discuss how bandstructure and dimensionality relate to the impact of defect scattering on conductance. Other contributions of this work include the development and demonstration of analytical modeling techniques for the quasi-ballistic conductivity as a function the defect scattering, channel length, and carrier density in silicon, graphene, and CNTs. All of the analysis presented in this work are validated with recently published experimental data and relate not only to applications intended for radiation environments but also to transport characterization and nanofabrication techniques that utilize particle irradiation. We note that the presented analysis and modeling approach is generally applicable to studying the impact of scattering on the transport properties of nanoscale conductors, whereas irradiation allows the controlled introduction of structural defects.
MODELING APPROACH
Applying the Landauer-B€ uttiker theory to a nanoscale device allows expressing the steady state current as
where q is the electronic charge, h is Planck's constant, T(E) is the transmission coefficient, M(E) is the number of transporting channels (or modes), and f 1 (E) and f 2 (E) are the Fermi functions in the source and drain contacts, respectively. 3, 5 Scattering theory can be used to relate the transmission coefficient to the mean free path for backscattering (k) resulting in
where L is the channel length. 5 This expression for T(E) is valid from the diffusive limit (i.e., when L ) k, T % k/L ( 1) to the ballistic limit (i.e., when L ( k, T ! 1) and for the quasi-ballistic transport regime (i.e., L % k, T < 1). The number of conducting channels M(E) is proportional to the density of states D(E) and to the average velocity in the positive direction of transport hv þ x ðEÞi. Additionally, it is proportional to the width (W) for 2D channels and to the cross-sectional area (A) for 3D channels. For the case of a 2D channel,
The Fermi functions at the source and drain contacts are, respectively, given by f 1 ¼ f(E, E F1 ) and f 2 ¼ f(E, E F2 ), where E F1 and E F2 are the Fermi energy levels at the source and drain contacts, and
In (4), k B is the Boltzmann constant and T L is the temperature of the lattice. Using (1)-(4) allows demonstrating the impact of radiation-induced defects on the transport properties of quasi-ballistic nanoscale devices. Increased scattering from radiation-induced defects reduces k(E), lowering the current and channel conductance G ¼ I/V of the device due to a reduction of the transmission probability. The impact of a reduced mean free path for backscattering on transmission probability has a dependence on L as given by (2) . In this work, we use numerical calculations of (1)- (4) to analyze the impact of radiation-induced defect scattering on the quasi-ballistic transport characteristics of nanoscale Si MOSFETs, graphene, and single-walled CNTs (SWCNTs). The analysis presented in this work utilizes calculations of coherent transport that capture well the properties at the dimensions of interests (i.e., nanoscale devices) and for the scattering mechanisms being considered (i.e., elastic, phaseconserving processes). However, quantum interference effects are not incorporated in calculations for (wide) 2D channels as the large number of conducting modes results in a localization length L 0 $ Mk ) L placing them within the weakly localized regime. 5 For the case of single-mode conduction in 1D channels, the localization length L 0 $ k can be considerably reduced by the introduction of radiationinduced defects resulting in strong localization when L $ L 0 . In this regime, quantum interference becomes significant resulting in an exponential dependence of channel conductance on L.
5 These quantum effects have been shown experimentally on SWCNTs 19 and are further discussed in Sec. III.
RESULTS AND DISCUSSION
In the Si MOSFET, the charge-conducting carriers are confined to a thin inversion layer that can be modeled as a 2D channel with parabolic bands using an effective mass approximation. For electrons in the conduction band, we can express the kinetic energy as
In (5), we are considering electrons in the lowest sub-band that is two fold degenerate as a result of quantum confinement and has a conduction band minimum at energy E C0 with an effective mass m* ¼ m t ¼ 0.19m 0 . The density of states in 2D is given by
where the factor of 2 accounts for sub-band degeneracy and H is the Heaviside step function. For this band structure, the average þx velocity is given by
Using (3), (6), and (7), we obtain M(E) for a 2D channel with parabolic bands as
The mean free path for backscattering can be modeled in a power law form for some common scattering mechanisms 2 and is expressed as
In (9), k 0 is a constant independent of energy and the exponential term s depends on dimensionality, bandstructure, and the scattering mechanism. Radiation-induced lattice defects are modeled as short-range potential scattering centers with a scattering rate (i.e., 1/s(E)) that is proportional to the density of states. For a 2D channel with parabolic bands, this corresponds to
Increased scattering from radiation-induced defects is modeled as a reduction in k 0 .
Calculations of I and G in a 2D Si MOSFET inversion layer can be done numerically using (1). These calculations require the position of the Fermi levels at the source and drain contacts for determining f 1 and f 2 . For a fixed sheet carrier density n s , E F1 and E F2 ¼ E F1 -qV ds are obtained by solving
where
V ds is the drain-to-source voltage, and F 0 (E F ) is the Fermi-Dirac integral of order zero. Fig.  1 (c) summarizes the energy-dependent parameters used in the numerical calculations of 2D conductors. Fig. 1(c) plots the lowest doubly degenerate parabolic band in a 2D Si MOSFET channel, and also plots D(E) and f 1 (E, E F1 ), referenced to E C0 , with an inverted axis allowing direct comparison with the bandstructure plot. We note that the electrostatic impact from ionizing radiation charge trapping effects in gate oxides (e.g., threshold voltage shifts) is captured in n s and the corresponding shifts in the Fermi levels. Fig. 2 plots channel conductance as a function of L for a sheet carrier density of n s ¼ 10 13 cm À2 and for V ds ¼ 50 mV. This value of n s is typical for a Si MOSFET in strong inversion and is consistent with extractions from the data shown in Fig. 2 . The calculations of G are given for decreasing k 0 (i.e., reduction of defect scattering mean free path) and are normalized to the ballistic conductance (G ball ) that corresponds to T(E) ¼ 1. Also shown in Fig. 2 of G/G ball from experimental data on ion irradiated deep submicron Si MOSFETs from Ref. 15 . The results in Fig. 2 demonstrate the impact of defect scattering on the quasiballistic transport properties of a 2D channel with parabolic bands as described the Landauer theory. Reducing L relative to the energy-averaged k(E) increases G towards the ballistic limit as transmission increases due to a reduction in the backscattering probability. For devices with long (i.e., diffusive) channels, G is directly proportional to k(E) allowing us to extract its radiation-dependence that can be used for modeling the response under quasi-ballistic transport in scaled devices. We also notice that the calculations and extractions
The bandstructure of graphene can be obtained using a nearest-neighbor tight-binding (NNTB) formalism that provides a simple, closed-form expression with demonstrated accuracy in reproducing first-principle calculations at low energies. The NNTB energy dispersion of graphene is given by
where k x and k y are the Brillouin zone wavevector x and y components, a ¼ ffiffi ffi 3 p a CÀC where a CÀC ¼ 1.42 Å is the carbon-carbon bond length, and c is the nearest-neighbor overlap energy ($3 eV). 31 The bandstructure has a linear dispersion near the intrinsic Fermi energy, where the conduction and valence bands intersect at the K-points (i.e., the Dirac points; see Fig. 1(b) ). For this low-energy range, we have
where the electron velocity v(k) ¼ h À1 @E/@k ¼ v F % 10 8 cm/s is a constant independent of energy. 32 Using (12), we obtain hv
, allowing expressing the density of modes in graphene as
By substituting (13) into (1), we obtain the conductance in a graphene sheet as Fig. 1(d) plots the bandstructure and density of states used for calculations of radiation-induced degradation of conductance in graphene. Short-range scattering from radiationinduced defects in graphene can be modeled using (9) with a corresponding exponential term of s ¼ À1. 33 This proportionality results from k(E) / 1/D(E) / 1/E. Fig. 3 plots calculations of the sheet conductance (or conductivity) r ¼ G(L/W) as a function of E F1 using (14) .
These results demonstrate the impact of increased short-range scattering from radiation-induced lattice defects on the quasiballistic transport properties of graphene. The ballistic sheet conductance is also shown in Fig. 3 for comparison. As shown in Fig. 3 , the ballistic conductance increases linearly with energy since it is directly proportional to M(E). Introducing scattering from radiation-induced defects reduces the sheet conductance as observed in the quasi-ballistic calculations. At jE F1 j < 0.1 eV, the conductance remains linear and reduced k 0 has little effect, while at jE F1 j > 0.1 eV, the conductance is no longer linear and the impact of reducing k 0 becomes more apparent because k(E) / 1/E. To better understand the quasiballistic response in graphene, we consider the diffusive and ballistic limits where T % k/L and T ¼ 1 respectively, and solve for the near-equilibrium (i.e., low-field) sheet conductance. For low-field transport (i.e., low V ds ) the difference (f 1 -f 2 ) % (@f/@E F )(qV ds ) and the sheet conductance can be expressed as
The derivation for (15) and (16) is given in the Appendix. From (15) and (16), it can be seen that r ball varies linearly with energy and that r diff is constant for E տ 3k B T L (i.e., r diff is independent of E and n s ). In general, the energy dependence of k(E) for the scattering mechanism being considered will determine the energy dependence of r diff . The expressions for sheet conductance in (15) and (16) are interpreted as the product of the quantum of conductance, the number of channel in the Fermi window, and the average mean free path. For quasi-ballistic transport, the sheet conductance is estimated using Mathiessen's Rule as
FIG. 3. Calculations of sheet conductance in graphene as a function of E F1
for the ballistic and quasi-ballistic cases using (14) where r ¼ G(L/W). The quasi-ballistic case shows the impact of increased short-range elastic scattering from radiation-induced lattice defects where k(E) is given by (9) and s ¼ À1. In the quasi-ballistic calculations, k 0 varies from 1000 to 750 nm in steps of 50 nm.
The total sheet conductance is limited by r ball and r diff , respectively, at the ballistic and diffusive limits and is given by (17) for the intermediate range. For example, in the calculations shown in Fig. 3 , r diff varied from $25 to $18 [2q 2 /h] limiting the total sheet conductance at the higher jEj ranges.
Experimental investigations on ion-irradiated graphene sheets have shown that short-rage scattering mechanisms that result in a carrier density independent conductivity are mostly unaffected by dose 16 and are significant only at high energies. 17 Instead, a conductivity component that is linearly dependent on carrier density is significantly degraded with radiation. 16, 18 This is attributed to the creation of midgap states as a result from radiation-induced disorder in the graphene lattice. 18 In the Landauer-B€ uttiker approach, such scattering mechanisms correspond to a mean free path for backscattering given by (9) with s ¼ 1. In this case, k increases with energy as higher energy carriers scatter less from the potential fluctuations created by lattice defects. Following the same procedure used to obtain (15) and (16), the (defect-limited) sheet conductance is given by
where F 1 (E F ) is the Fermi-Dirac integral of order one. For graphene, the sheet carrier density is given by
It is clear form comparing (18) and (19) that r def varies linearly with n s . In Figs. 4 and 5, we compare experimental data from ion-irradiated graphene samples, 16 with calculations of conductivity. Fig. 4 plots fits of r def given by (18) as a function of n s given by (19) against data from long-channel (i.e., diffusive) exfoliated graphene samples irradiated at low temperature (41 K) in ultra high vacuum (UHV) using 500 eV Ne and He ions. The carrier density for the experimental data is estimated using n s % (C ox /q)(V g -V min ), where V min is the gate voltage at the minimum conductivity. The impact of radiation-induced defect scattering on the lowfield conductance of graphene can now be numerically evaluated up to the ballistic limit using (14) and k(E) obtained from the fits to the experimental data. Fig. 5 plots the normalized conductance (G/G ball ) as a function of channel length for a fixed n s ¼ 3 Â 10 12 cm À2 and using the values of k 0 used to fit the experimental results. The inset in Fig. 5 plots calculations of relative change in G as a function of the relative change in k 0 for the diffusive (k(L), ballistic (k)L), and quasi-ballistic (k $ L) case. As expected, the experimental data matches well with the calculations in the case of diffusive transport. We note that the values of backscattering mean free path used to fit the data are consistent with estimates of distance between defects made in Ref. 16 from Raman spectra. At n s ¼ 3 Â 10 12 cm À2 , the energyaveraged mean free path hkðEÞi varies form $160 nm before irradiation to $50 nm after irradiation.
So far we have considered the impact of radiationinduced defects on the quasi-ballistic transport properties of 2D inversion layers in the channels of Si MOSFETs with parabolic bands and in 2D graphene sheets with linear energy dispersion. Calculations of G/G ball that incorporate defect scattering demonstrate similar effects in both cases. However, even for irradiated graphene samples, the mobility l ¼ (1/q)(dr/dn s ) approximately varied between 5000 and 1800 cm 2 /V-s which is greater than effective channel mobilities measured in Si MOSFETs by approximately an order of magnitude. The high carrier mobilities measured on irradiated graphene samples alludes to the general interests for highperformance nanoelectronics. Considering radiation-induced defects in graphene, measurements reveal degradation of a sheet conductance component that is directly proportional to n s . Given the bandstructure of graphene this corresponds to k(E) / E and G / E 2 . Therefore, high-energy carriers in graphene experience less scattering from radiation-induced lattice defects and have a smaller impact on G/G ball . We will now consider the impact of dimensionality by analyzing radiationinduced defect scattering in 1D channels of SWCNTs. FIG. 4 . Fits of r def given by (18) as a function of n s given by (19) against data from long-channel (i.e., diffusive) exfoliated graphene samples irradiated at low temperature (41 K) in UHV using 500 eV Ne and He ions. In these calculations k 0 varies from 6 to 2 nm in steps of $1 nm. We note that the energy-averaged mean free path hkðEÞi varies form $160 nm to $50 nm at n s ¼ 3 Â 10 12 cm
À2
. This is consistent with estimates of distance between defects made in Ref. 16 using Raman spectra.
12 cm À2 using k 0 from the fits to experimental data shown in Fig. 4 . Inset plots calculations of relative change in G as a function of the relative change in k 0 for the diffusive (k ( L), ballistic (k ) L), and quasi-ballistic (k $ L) case. G pre and k 0pre are the values G and k 0 before irradiation.
In SWCNTs, quantization of the allowed wavevectors resulting from boundary conditions on the Bloch functions restricts transport to 1D sub-bands. The 1D sub-bands are quantized along the circumferential direction of the nanotube, but continuous along the axial direction. In metallic tubes the lowest energy sub-band crosses a K-point and can be described with a linear dispersion (similar to graphene) expressed as E ¼ 6 hv F jkj. The linear E-k relationship results in an constant (i.e., energy-independent) density of states D(E) ¼ D 0 and single-mode conduction for 1D metallic SWCNTs.
For radiation-induced defect scattering in 1D metallic SWCNTs, we have k(E) / s(E) / 1/D(E) / k 0 (i.e., energy independent scattering rates 34 ). Therefore, solving (1) for the low-field conductance in 1D metallic SWCNT gives
where the factor of 4 comes from spin and valley degeneracy and
2 /h and is independent of L, and for L ) k 0 we have G % G ball (k 0 /L) and scales as 1/L (i.e., ohmic-behavior). However, recent experiments have showed that for single-mode phase-coherent conduction in 1D metallic SWCNTs the low-field resistance increased exponentially with L revealing strong localization and quantum interference effects. 19 Additionally, these experiments showed that ion-irradiation reduced the localization length, since L 0 $ k, and therefore, increased the resistance of the 1D conductors.
Using standard Green's function techniques for quantum transport allows simulating the exponential dependence of G on L as a function of defect density. 19 In this work we attempt to analytically interpret and model the impact of radiation-induced defect scattering mechanisms on the quasi-ballistic properties of nanoscale devices. Therefore, we include a comparison of calculations for the low-field conductance using (20) and extractions from the data to demonstrate the deviation from the diffusive ohmic-like behavior expected for a weakly localized regime, and to interpret the shifts in the transition from a ballistic to a strongly localized regime as a function of L. Figure 6 plots extractions of G from the low-voltage resistance measurements of ion irradiated metallic SWCNT in Ref. 19 (symbols) compared to calculations of conductance using (20) (dashed lines) and to analytical fits to the experiments using an exponential dependence on L (solid lines). For the analytical fits G ¼ G ball exp(ÀL/L 0 ), where L 0 is the localization length that ranges from $225 to $70 nm and is consistent with the previous work. The comparison in Fig. 6 reveals the discrepancy between the ohmic-like behavior expected for a weakly localized regime and the experiments confirming the relevance of quantum interference effects in single-mode conduction of 1D channels.
CONCLUSIONS
The impact of radiation-induced defects on the quasiballistic transport properties of nanoscale conductors is analyzed and model using numerical and analytical calculations of conductance based on the Landauer-B€ uttiker theory. The analysis presented in this paper is valid from the diffusive to the ballistic limit and uses scattering theory to model the impact of defects on conductance through calculations of backscattering mean free path and transmission coefficient. This approach incorporates bandstructure and dimensionality and is validated with experimental data from recently published work on silicon, graphene, and carbon nanotubes.
For 2D conductors we describe the quasi-ballistic transport as a function of L with a conductance transitioning from the ballistic limit to the diffusive regime with ohmic-like (i.e., 1/L) dependence. This is consistent with phase coherent transport in devices with nanoscale channel lengths, but weak localization due to a large number of conducting channels (proportional to W and E). Radiation-induced point defects are modeled as short-range potentials that introduce scattering rates proportional to the density of states. For the linear dispersion in 2D graphene this results in a conductance that is independent of n s . However, experiments in graphene reveal a negligible response in the n s -independent sheet conductance as a function of dose. Instead, a sheet conductance component that varies linearly with n s is strongly affected by radiation. This is attributed to radiation-induced disorder in the lattice of graphene and corresponds to k(E) / E and G / E 2 . Thus, highly degenerate graphene carriers are expected to experience less scattering from radiation-induced defects and have a reduced impact on G/G ball . This is consistent with the large ion fluence (or defect density) required to significantly lower conductivity by more than 1 order of magnitude experimentally in graphene. 16, 18 In SWCNT with 1D channels and single mode conductance, quantum interference results in an exponential dependence of G on L as was recently shown experimentally. This is consistent with phase coherent transport and a strongly localized regime. Additionally, the localization length L 0 $ k is reduced by the introduction of radiation-induced lattice defects. Using recently published data from Ref. 19 , we compare calculations of conductance with experimental extractions to demonstrate the deviation from the diffusive ohmic-like behavior expected for a weakly localized regime and to interpret the shifts in the transition from a ballistic to a strongly localized regime as a function of channel length.
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APPENDIX: DERIVATION OF GRAPHENE ANALYTICAL CONDUCTIVITIES
For low-field transport in graphene using the approximation (f 1 -f 2 ) % (@f/@E F )(qV ds ), we can express the conductance as
In the case of ballistic transport T(E) ¼ 1 and ballistic sheet conductance r ball ¼ G ball (L/W) is given by
Changing variables by defining g ¼ E/k B T L and
In (A3), we have made use of the Fermi-Dirac integral property that reduces its order by one when differentiated with respect to its argument. Using the analytical expression for F 0 (g F ) we obtain r ball as given by (15) . For the diffusive case, we have T(E) % k(E)/L and the sheet conductance
where we have used k(E) ¼ k 0 (E/k B T L )
À1
. Changing variables by defining g ¼ E/k B T L and g F ¼ E F /k B T L gives
In (A5), we have used the analytical expression for F À1 (g F ) to obtain r diff as expressed in (16) .
